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1 In the present study, we examined whether deprivation of oestrogens by ovariectomy could
modify learning and memory de®cits caused by a continuous intracerebroventricular (i.c.v.) infusion
of amyloid b-peptide (Ab), the major constituent of senile plaques in AD.

2 Neither long-term (3 months) nor short-term (1 month), deprivation of oestrogens by
ovariectomy caused a signi®cant impairment in spatial learning and memory in a water maze and
spontaneous alternation behaviour in a Y-maze.

3 A continuous i.c.v. infusion of Ab-(1-42) caused spatial learning and memory de®cits in both
ovariectomized and sham-operated rats.

4 The Ab-induced working memory de®cits were signi®cantly potentiated in ovariectomized rats
compared with sham-operated rats when mnemonic ability was examined 3 months after
ovariectomy.

5 These results suggest that long-term deprivation of oestrogens induced by ovariectomy increases
susceptibility to memory de®cits produced by Ab-(1-42) in rats.
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Abbreviations: Ab, amyloid b-peptide; AD, Alzheimer's disease; ANOVA, one-way analysis of variance; APP, b-amyloid
precursor protein; BDNF, brain-derived neurotrophic factor; FSH, follicle-stimulating hormone; i.c.v.,
intracerebroventricular; OVX, ovariectomy

Introduction

Alzheimer's disease (AD) is the most common cause of a
progressive decline of cognitive function in aged humans, and
is characterized by the presence of numerous senile plaques

and neuro®brillary tangles accompanied by neuronal loss. The
senile plaques are composed of amyloid b-peptide (Ab), a 40 ±
42 amino acid peptide fragment of the b-amyloid precursor

protein (APP) (Yankner, 1996; Selkoe, 1996). Transgenic mice
which overexpress human APP containing the mutations
associated with familial AD develop many of the pathological

characterizations associated with AD (Games et al., 1995;
Johnson-Wood et al., 1997; Sturchler-Pierrat et al., 1997). In
addition, Ab is cytotoxic to neurons (Yankner et al., 1990) and

renders neurons vulnerable to various insults including
excitotoxicity (Koh et al., 1990; Mattson et al., 1992).

The prevalence of AD after age 65 is two to three times
higher in women than men (Jorm et al., 1987). Several studies

have indicated that replacement therapy with oestrogens in
postmenopausal women delays the onset and decreases the risk
of AD (Fillit et al., 1986; Henderson et al., 1994; Ohkura et al.,

1994; Tang et al., 1996; Henderson, 1997), although others
failed to show the e�ects (Brenner et al., 1994). The
mechanisms by which oestrogens a�ect the pathogenic

processes in AD are still unknown. It has been demonstrated
that oestrogens modulate cholinergic neuronal activity
(Dohanich et al., 1982; Singh et al., 1994), monoamine

metabolism (Shimizu & Bray, 1993) and the expression of
brain-derived neurotrophic factor (BDNF) mRNA in the

brain (Singh et al., 1995). Oestrogens have also been shown to
attenuate excitotoxicity, oxidative injury and Ab toxicity (Behl
et al., 1995; Goodman et al., 1996), to regulate APP

metabolism (Ja�e et al., 1994), and to reduce the neuronal
generation of Ab in vitro (Xu et al., 1998). However, it is not
clear whether oestrogens can modulate the e�ects produced by

Ab in vivo
We have previously demonstrated that a continuous

intracerebroventricular (i.c.v.) infusion of Ab-(1-40) or Ab-
(1-42) in male rats results in learning and memory de®cits,
suggesting that the accumulation of Ab in the brain is
associated with cognitive impairments in AD (Nitta et al.,

1994; 1997; Tanaka et al., 1998; Yamada et al., 1998; 1999a).
In male rats treated with Ab-(1-40), dysfunctions of cholinergic
and dopaminergic neuronal systems were observed as
evidenced by the decrease in the nicotine- and KCl-induced

increase in acetylcholine and dopamine release in vivo,
respectively (Itoh et al., 1996). We also observed changes in
ciliary neurotrophic factor protein levels in the brain (Yamada

et al., 1995) and in the expression of BDNF mRNA in the
hippocampus (Yamada et al., 1997), activation of glial cells
(Nitta et al., 1997) and a de®ciency of long-term potentiation

in the CA1 ®eld of the hippocampus in this rat model of AD
(Nabeshima & Itoh, 1997). We proposed that oxidative stress
is involved in the Ab-induced learning and memory de®cits,

since the potent antioxidants idebenone and a-tocopherol
prevented these de®cits (Yamada et al., 1999b).

With the goal of determining whether oestrogens play a role
in the Ab-induced learning and memory de®cits, we

investigated the e�ects of deprivation of oestrogens induced
by ovariectomy on Ab-induced learning and memory de®cits
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in rats. To assess the mnemonic ability in rats, we measured
spontaneous alternation behaviour in a Y-maze (Maurice et
al., 1994) and reference and working memory in a water maze

task (Morris, 1984; Morris et al., 1990). Furthermore, the
serum levels of oestradiol and follicle-stimulating hormone
(FSH) were measured to determine the e�ect of ovariectomy
and whether the Ab infusion a�ected hormone secretion. Since

Ab-(1-42) apparently plays a more important role than Ab-(1-
40) in the pathology of AD (Jarrett & Lansbury, 1993;
Iwatsubo et al., 1994), rats were continuously infused with Ab-
(1-42) into the cerebral ventricle in the present study. The
continuous i.c.v. infusion of Ab-(1-42) was started either 1 or 3
months after ovariectomy. In the sham-operated and ovar-

iectomized control groups, Ab-(40-1), but not Ab-(1-42), was
infused.

Methods

Animals

The rats used in the present study were females of the Wistar
strain (7 weeks old; Charles River Japan Inc., Yokohama,

Japan) weighing 180+5 g at the beginning of the experiments.
They were housed in groups of two or three in a temperature-
and light-controlled room (238C; 12 h light cycle starting at

09 00 h) and had free access to food and water, except during
the behavioural experiments.

All experiments were performed in accordance with the

Guidelines for Animal Experiments of the Nagoya University
School of Medicine, the Guiding Principles for the Care and
Use of Laboratory Animals approved by the Japanese
Pharmacological Society, and the National Institutes of Health

Guide for the Care and Use of Laboratory Animals.

Experimental design

Female rats were anaesthetized with pentobarbital
(50 mg kg71, i.p.), and underwent a bilateral ovariectomy or

sham operation. The continuous i.c.v. infusion of Ab was
started either 1 or 3 months after these operations. The
treatment groups generated were as follows: the sham-
operated rats with an Ab-(40-1) infusion [sham-Ab-(40-1)] as
a control group, sham-operated rats with an Ab-(1-42)
infusion [sham-Ab-(1-42)], ovariectomized rats with an Ab-
(40-1) infusion [OVX-Ab-(40-1)] as ovariectomized control

rats, and the ovariectomized rats with an Ab-(1-42) infusion
[OVX-Ab-(1-42)]. Accordingly, two batches of the four
treatment groups, each consisting of 8 ± 10 rats, were prepared.

One batch of animals began i.c.v. Ab infusion 1 month after
ovariectomy, and the remainder were infused with Ab i.c.v. 3
months after the ovariectomy. The behavioural study was

started on day 7 after the start of the Ab infusion, and the
behavioural tests were carried out as follows; the locomotor
activity test on day 7, Y-maze test on day 8, and water-maze
test on days 9 ± 16 after the start of the Ab infusion.

Ab infusion

Rats were anaesthetized with pentobarbital (50 mg kg71, i.p.)
and placed in a stereotaxic apparatus 1 or 3 months after the
surgery for ovariectomy. The infusion cannula connected to a

mini-osmotic pump (¯ow rate, 0.5 ml h71; total capacity,
200 ml; Alzet 2002; Alza, Palo Alto, CA, U.S.A.) which was
®lled with either Ab-(1-42) or Ab-(40-1) was implanted into the
right ventricle (A: 70.3, L: 1.2, V: 4.5) according to the atlas

of Paxinos & Watson (1986). The pump was placed
subcutaneously in the neck of rat. The continuous i.c.v.
infusion of Ab at a dose of 300 pmol day71 was maintained for

at least 14 days. We have previously con®rmed that the vehicle
by itself has no e�ect on learning behaviour at this ¯ow rate
(Nitta et al., 1994; 1997).

Measurement of locomotor activity

Locomotor activity was measured on day 7 after the start of

the Ab infusion. The experimental apparatus consisted of a
locomotor cage (25642620 cm), with photobeams placed
2 cm above the ¯oor at 1-inch intervals along two sides of the

cage (Colombus Instruments, U.S.A.). Locomotor activity was
measured during a 10 min period (Fuji et al., 1993).

Y-maze task

The Y-maze task was carried out as described previously
(Maurice et al., 1994) on day 8 after the start of the Ab
infusion. The experimental apparatus consisted of a black-
painted Y-maze made of plywood. Each arm of the Y-maze
was 35 cm long, 25 cm high and 10 cm wide and positioned at

an equal angle (labelled A, B, and C). Each rat was placed at
the end of one arm and allowed to move freely through the
maze during an 8 min session. The sequence of arm entries was

recorded manually (i.e., ACBCAB, etc.). A spontaneous
alternation behaviour, which is regarded as a measure of
spatial memory (Maurice et al., 1994; Yamada et al., 1996),

was de®ned as the entry into all three arms on consecutive
choices in overlapping triplet sets (i.e., ACB, CBC, BCA,
CBA). The per cent spontaneous alternation behaviour was
calculated as the ratio of actual to possible alternations

(de®ned as the total number of arm entries 72)6100.

Water maze task

The water maze task was carried out from days 9 ± 16 after the
start of the Ab infusion. The experimental apparatus consisted

of a circular water tank (140 cm in diameter and 45 cm high).
A transparent platform (10 cm in diameter and 25 cm high)
was set inside the tank, which was ®lled, to a height of 27 cm,
with water at approximately 238C; the surface of the platform
was 2 cm below the surface of the water. The pool was located
in a large test room, in which there were many cues external to
the maze (e.g., pictures, lamps, etc.). The position of the cues

remained unchanged throughout the water maze task (Nitta et
al., 1994).

Reference memory test (Morris, 1984; Nitta et al., 1994):

For each training trial, the rat was put into the pool at one of
®ve starting positions, the sequence of the positions being
selected randomly. The platform was located in a constant

position throughout the test period in the middle of one
quadrant, equidistant from the center and edge of the pool.
In each training session, the latency to escape onto the
hidden platform was recorded. If the rat found the platform,

it was allowed to remain there for 15 s and was then returned
to its home cage. If the rat was unable to ®nd the platform
within 90 s, it was put on the platform for 15 s, and then the

training was terminated and a maximum score of 90 s was
assigned. The path taken by the rat was recorded
automatically using a video image motion analyzer (Neu-

roscience Inc., Tokyo, Japan), and then the swim distance
and swim speed were analysed. Training was conducted for 5
consecutive days, twice a day, from days 9 ± 13 after the start
of the Ab infusion.
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Probe test (Morris, 1984; Nitta et al., 1994): Immediately
after the tenth training trial on day 13 after the start of the Ab
infusion, the platform was removed from the pool and the

animals were tested in a 90 s spatial probe trial. The time spent
in the platform-quadrant where the platform had been located
during the training was measured.

A repeated acquisition test (Morris et al., 1990; Yamada et

al., 1994b) was conducted, to assess working memory, for 3
consecutive days from days 14 ± 16 after the start of the Ab
infusion, and consisted of ®ve trials (one session) per day. The

working memory test was procedurally similar to the standard
training for the water maze test, except that the platform
location was changed in each session. Since the platform

position was changed daily, the working memory component
was evaluated by this task. For each trial, the rat was put into
the pool at one of ®ve starting positions, the sequence of the

positions being selected randomly. The ®rst trial of each
session is an informative sample trial in which the rat is
allowed to swim to the platform in its new location and to
remain there for 15 s. The rat was then placed in a home cage

for an intertrial interval of 1 min. The platform remained in
the same location throughout the remaining four trials of the
day. Spatial working memory was assessed as the mean

performance in the second trials of 3 consecutive days from
days 14 ± 16 after the start of the Ab infusion.

Measurement of serum hormone levels

The rats were killed by decapitation after the behavioural

studies on day 18 after the start of Ab infusion to collect blood
samples collected. The serum levels of oestradiol and FSH
were measured by radioimmunoassay (SRL Ltd., Tokyo,
Japan) to determine the e�ect of ovariectomy and whether the

continuous i.c.v. infusion of Ab a�ected hormone secretion.

Drugs

Ab-(1-42) and Ab-(40-1) were obtained from Bachem
(Torrance, CA, U.S.A.), and dissolved in 35% acetonitrile

containing 0.1% tri¯uoroacetic acid.

Statistical analysis

The results are expressed as mean+s.e.mean. The signi®cance
of di�erences in the data was determined by one-way analysis
of variance (ANOVA) followed by Bonferroni's multiple

comparison test. A two-way ANOVA was also conducted for

analysing data of the water maze. Fisher's PLSD test for multi-
group comparisons was used for a post hoc analysis. A P value
less than 0.05 was regarded as signi®cant.

Results

E�ects of continuous i.c.v. infusion of Ab at 1 month
after an ovariectomy

In the ®rst series of experiments, the continuous i.c.v. infusion
of Ab was started 1 month after the ovariectomy. Locomotor
activity in these rats was measured on day 7 after the start of

the Ab infusion. There was no signi®cant di�erence in
locomotor activity among the sham-Ab-(40-1) (n=9), sham-
Ab-(1-42) (n=10), OVX-Ab-(40-1) (n=9) and OVX-Ab-(1-42)
(n=10) groups [F(3,34)=2.8768, P40.05]. The activity counts
during a 10 min period in these groups of animals were
2244+180, 2514+183, 1999+170 and 1795+206, respec-
tively.

Figure 1 shows the e�ects of Ab at 1 month after an
ovariectomy on the performance of the rat in the Y-maze task.
There was a signi®cant group e�ect on spontaneous

alternation behaviour [F(3,34)=11.989, P50.0001] (Figure
1A). The post hoc analysis revealed that the frequency of
spontaneous alternation behaviour in the sham-Ab-(1-42) rats
was signi®cantly less than that in the sham-Ab-(40-1) rats
(P50.001). A signi®cant reduction of the alternation
behaviour caused by Ab-(1-42) was also observed in the

ovariectomized rats (P50.01). Ovariectomy had no e�ect on
the spontaneous alternation behaviour and failed to a�ect the
Ab-(1-42)-induced impairment of the alternation behaviour
(Figure 1A). Since there was no signi®cant di�erence in the

number of arm entries of the four groups of animals
[F(3,34)=0.2256, P40.05] (Figure 1B), the observed changes
in spontaneous alternation behaviour are not due to locomotor

de®cits.
The e�ects of Ab at 1 month after an ovariectomy on the

performance of the rat in the water maze task are illustrated in

Figure 2. Figure 2A shows the changes in escape latency onto
the hidden platform in training trials in each group of rats. The
two-way ANOVA with all treatment groups revealed
signi®cant main e�ects of group [F(3,340)=11.493,

P50.0001] and training [F(9,340)=55.874, P50.0001], but
no signi®cant group by trial interactions [F(27, 340)=0.707,
P40.05]. The post hoc analysis indicated that the performance

of the sham-Ab-(1-42) rats was signi®cantly impaired

Figure 1 E�ects of a continuous i.c.v. infusion of Ab on spontaneous alternation behaviour in the Y-maze in sham-operated and
ovariectomized female rats. The continuous i.c.v. infusion of Ab was started 1 month after ovariectomy. Spontaneous alternation
behaviour (A) and the number of arm entries (B) during an 8-min session in the Y-maze task were measured on day 8 after the start
of the Ab infusion. Values indicate means+s.e.mean (n=9±10). ***P50.001 vs sham-AB-(40-1). ##P50.01 vs OVX-Ab-(40-1).

Oestrogen and b-amyloid-induced memory deficits 421K. Yamada et al



compared with that of the sham-Ab-(40-1) control rats
(P50.0001). A signi®cant di�erence in performance was also

observed between the OVX-Ab-(1-42) and OVX-Ab-(40-1)
groups. However, ovariectomy by itself failed to a�ect the
performance of both the Ab-(40-1) and Ab-(1-42)-treated
groups.

A 90 s probe trial was carried out on day 13 after the start
of the Ab infusion, following the tenth training trial, to

examine whether the rats had learned the position of the
platform (Figure 2B). There was a signi®cant group e�ect on
the time spent in the platform-quadrant where the platform

had been located during the training trials [F(3,34)=6.3644,
P=0.0015]. The sham-Ab-(1-42) rats spent less time in the
platform-quadrant than the corresponding Ab-(40-1)-treated
controls (P50.05). A signi®cant decrease of time spent in the

platform-quadrant was also observed in the OVX-Ab-(1-42)
rats, compared with the OVX-Ab-(40-1) rats. However,
ovariectomy by itself did not a�ect the bias in either the Ab-
(40-1) or Ab-(1-42)-treated rats.

E�ects of continuous i.c.v. infusion of Ab at 3 months
after an ovariectomy

In the second series of experiments, the continuous i.c.v.
infusion of Ab was started 3 months after the ovariectomy.

Locomotor activity was measured on day 7 after the start of
the Ab infusion. There was no signi®cant di�erence in
locomotor activity among the sham-Ab-(40-1) (n=8), sham-

Ab-(1-42) (n=8), OVX-Ab-(40-1) (n=8), and OVX-Ab-(1-42)
(n=9) groups [F(3,29)=0.3378, P40.05]. The activity counts
during a 10 min period in these groups of animals were

1746+210, 1909+211, 1570+237 and 1763+265, respec-
tively.

The e�ects of Ab at 3 months after an ovariectomy on the

performance of the rat in the Y-maze task were measured on
day 8 after the start of the Ab infusion. The spontaneous
alternation behaviour in the sham-Ab-(40-1) (n=8), sham-Ab-
(1-42) (n=8), OVX-Ab-(40-1) (n=8) and OVX-Ab-(1-42)
(n=9) groups was 74.4+3.2, 61.7+3.5, 74.1+5.9 and
60.9+3.6%, respectively, whereas the number of arm entries
during an 8 min session in these groups was 22.1+2.3,

24.5+1.8, 17.1+1.8 and 18.4+1.8, respectively. There was a
signi®cant group e�ect on spontaneous alternation behaviour
[F(3,29)=3.2383, P=0.036] and the number of arm entries

[F(3,29)=3.0569, P=0.044]. A similar magnitude of reduction

of the alternation behaviour was observed in the sham-Ab-(1-
42) and OVX-Ab-(1-42) rats.

The e�ects of continuous i.c.v. infusion of Ab at 3 months
after the ovariectomy on the water maze performance of the
rats in the reference memory test are illustrated in Figure 3.

The changes in escape latency onto the hidden platform in
training trials in each group of rats are shown in Figure 3A.
The two-way ANOVA with all treatment groups revealed

signi®cant main e�ects of group [F(3,290)=7.216, P50.001]
and training [F(9,290)=29.097, P50.0001], but no signi®cant
group by trial interactions [F(27,290)=0.690, P40.05]. The

post hoc analysis indicated that the performance of the OVX-
Ab-(40-1) rats did not di�er signi®cantly from that of the
sham-Ab-(40-1) control rats (P=0.1256), indicating that the
ovariectomy by itself had no e�ect on the escape latency. The

performance of the sham-Ab-(1-42) and OVX-Ab-(1-42) rats
was signi®cantly impaired, compared with that in the sham-
Ab-(40-1) control group (P50.001). The performance of the

OVX-Ab-(1-42) rats was impaired compared with that of the
OVX-Ab-(40-1) rats, but the di�erence was not signi®cant
(P=0.061). There was no di�erence in escape latency between

the sham-Ab-(1-42) and OVX-Ab-(1-42) rats, indicating that
deprivation of oestrogens for 3 months had no e�ect on Ab-
induced spatial memory impairment.

The performance in the water maze reference memory test

was also analysed in terms of swimming distance (Figure 3B)
and swimming speed (Figure 3C), because the swimming
ability of the rat may have been altered by the ovariectomy.

Consistent with the changes in escape latency, there were
signi®cant main e�ects of group [F(3,290)=7.606, P50.0001]
and training [F(9,290)=25.662, P50.0001], but not of group

by trial interactions [F(27,290)=0.594, P40.05] on the
swimming distance. The post hoc analysis indicated that there
was no signi®cant di�erence in performance between the OVX-

Ab-(40-1) and sham-Ab-(40-1) rats, indicating that ovariect-
omy by itself had no e�ect on the performance. The
performance in the sham-Ab-(1-42) rats was signi®cantly
impaired, compared with that in the sham-Ab-(40-1) control
group (P50.001), indicating that Ab-(1-42) impaired spatial
reference memory formation in normal female rats. The OVX-
Ab-(1-42) rats showed an impairment of performance

compared with the sham-Ab-(40-1) (P=0.037) and OVX-Ab-
(40-1) rats (P=0.056).

Swimming speed of the rat was calculated based on the

escape latency and swimming distance, and the changes over

Figure 2 E�ects of a continuous i.c.v. infusion of Ab on performance in the training trials (A) and in the probe trial (B) of the
water maze task in sham-operated and ovariectomized female rats. The continuous i.c.v. infusion of Ab was started 1 month after
ovariectomy. The training trials were carried out on days 9 ± 13 after the start of the Ab infusion. The probe trial was carried out on
day 13 after the start of the Ab infusion, immediately after the tenth training trial. Values indicate means+s.e.mean (n=9±10).
*P50.05 vs sham-Ab-(40-1). #P50.05 vs OVX-Ab-(40-1).
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the ten training trials are shown in Figure 3C. There were
signi®cant main e�ects of group [F(3,290)=16.571, P50.0001]
and training [F(9,290)=5.737, P50.0001], but not of group by
trial interactions [F(27,290)=1.174, P40.05] in swimming

speed. The swimming speeds of the OVX-Ab-(40-1) and OVX-
Ab-(1-42) rats were signi®cantly slower than those of the
sham-Ab-(40-1) and sham-Ab-(1-42) rats (P50.001).

Performance in the working memory (repeated acquisition)
test is shown in Figure 4. In terms of escape latency (Figure
4A), the two-way ANOVA with all treatment groups revealed

signi®cant main e�ects of group [F(3,145)=3.957, P=0.0095],
training [F(4,145)=93.921, P50.0001] and group by trial
interactions [F(12,145)=2.350, P=0.0087]. The post-hoc

analysis revealed that the performance of the OVX-Ab-(40-1)
rats did not di�er signi®cantly from that of the sham-Ab-(40-1)
control group (P=0.7911). There was also no signi®cant
di�erence in performance between the sham-Ab-(40-1) and

sham-Ab-(1-42) rats (P=0.9942). The results suggest that the
sham-Ab-(1-42) rats learned the new position of the platform
as quickly as the sham-Ab-(40-1) rats did, following the

standard water maze training for 5 days. In contrast, a
signi®cant di�erence in performance between the OVX-Ab-
(40-1) and OVX-Ab-(1-42) rats was evident (P=0.0038). The

performance of the OVX-Ab-(1-42) rats was also signi®cantly
impaired compared with that of the sham-Ab-(1-42) rats
(P=0.0086), suggesting that ovariectomy potentiates the Ab-
(1-42)-induced impairment of spatial learning and memory.
Similar changes were observed in swimming distance (Figure
4B). The two-way ANOVA revealed signi®cant main e�ects of
group [F(3,145)=2.830, P=0.0406], training [F(4,145)

=109.908, P50.0001] and group by trial interactions
[F(12,145)=2.458, P=0.0060]. The post hoc analysis revealed
a signi®cant di�erence in performance between the OVX-Ab-
(40-1) and OVX-Ab-(1-42) rats (P=0.0061).

When the escape latencies of the sample trials (®rst trials)
for 3 consecutive days in the working memory test were
compared, there was no signi®cant di�erence in escape latency
[F(3,29)=2.1045, >P=0.1214] (Figure 4A) or swimming

distance [F(3,29)=2.3201, P=0.0961] (Figure 4B), suggesting
that no signi®cant di�erence exists in procedural (reference)
memory among the ®ve treatment groups. In contrast, when

performance in the second trials for 3 days in the working
memory test was analysed as a measure of spatial working
memory, there were signi®cant di�erences in escape latency

[F(3,29)=4.3107, P=0.0124] (Figure 4C) and swimming
distance [F(3,29)=3.1949, P=0.0381] (Figure 4D). The post-
hoc analysis revealed that performance of either sham-Ab-(1-
42) or OVX-Ab-(40-1) rats did not di�er signi®cantly from
that of the sham-Ab-(40-1) control group (P40.05), suggest-
ing that either Ab-(1-42) infusion or ovariectomy alone has no
e�ect on working memory. However, both the escape latency

(t=3.4337, P50.05) and swimming distance (t=3.0444,
P50.05) in the OVX-Ab-(1-42) rats was signi®cantly longer
than those in the sham-Ab-(40-1) rats, suggesting an

interaction of Ab-(1-42) infusion and ovariectomy in modulat-
ing working memory. There was no signi®cant di�erence in
performance between the sham-Ab-(1-42) and OVX-Ab-(1-42)
rats or the OVX-Ab-(40-1) and OVX-Ab-(1-42) rats (P40.05)
(Figure 4C,D).

Table 1 shows the body weights and serum oestradiol and

FSH levels on day 18 after the start of the Ab infusion, which
was started 3 months after the ovariectomy. The OVX-Ab-(40-
1) and OVX-Ab-(1-42) rats were signi®cantly heavier than the
sham-Ab-(40-1) rats. The serum oestradiol levels were

signi®cantly reduced in the OVX-Ab-(40-1) and OVX-Ab-(1-
42) rats as compared with the sham-Ab-(40-1) rats. Inversely,
the FSH levels were signi®cantly increased in the ovariecto-

mized rats. There were no di�erences in the body weight or

Figure 3 E�ects of a continuous i.c.v. infusion of Ab on escape latency (A), swimming distance (B) and swimming speed (C) in the
training trials of the water maze task in sham-operated and ovariectomized female rats. The continuous i.c.v. infusion of Ab was
started 3 months after the ovariectomy. The training trials were carried out on days 9 ± 13 after the start of the Ab infusion. Values
indicate means+s.e.mean (n=8±9).

Oestrogen and b-amyloid-induced memory deficits 423K. Yamada et al



serum oestradiol and FSH levels between the OVX-Ab-(40-1)
and OVX-Ab-(1-42) rats and between the sham-Ab-(40-1) and
sham-Ab-(1-42) rats.

Similarly, when Ab infusion was started 1 month after the
ovariectomy, we observed a signi®cant increase in the body
weights (P50.01) and a decrease in the serum oestradiol levels

(P50.01) in the OVX-Ab-(40-1) and OVX-Ab-(1-42) as
compared with the sham-Ab-(40-1) rats. The continuous i.c.v.
Ab-(1-42) infusion had no e�ect on the body weights and

serum oestradiol levels in either sham-operated or ovariecto-
mized rats (data not shown).

Discussion

In the present study, we found that a continuous i.c.v. infusion

of Ab-(1-42) in young female rats causes learning and memory

de®cits, as evidenced by the impairment of performance in the
Y-maze and water maze tasks. The Ab-(1-42) infusion in
female rats impaired reference memory in the water maze and
spontaneous alternation behaviour in the Y-maze, but did not

a�ect working memory. Our previous studies have shown that
the same treatment with Ab-(1-40) (Nitta et al., 1994; 1997;
Tanaka et al., 1998; Yamada et al., 1998) or Ab-(1-42)
(Yamada et al., 199a,b) at the same dose (300 pmol day71) in
male rats produces a similar degree of behavioural impairment
although Ab-(1-42) caused de®cits in both references and

working memory (Yamada et al., 1999a,b). Therefore, it is
likely that there are no major gender di�erences in rats in
susceptibility to Ab-(1-42) in vivo.

It was previously demonstrated that oestrogen deprivation
caused by ovariectomy in young female rats does not
markedly a�ect spatial memory in the Morris water maze
task, although it produces a marked impairment of

nonspatial active avoidance learning and retention (Singh
et al., 1994). In contrast, a recent study by Daniel et al.
(1997) showed that ovariectomy produced a signi®cant

impairment of spatial working memory in a radial arm
maze test. We found in the present study that long-term (3
months) deprivation of oestrogens by ovariectomy tended to

impair the performance of rats in the repeated acquisition
test of water maze although the same treatment had little
e�ect on performance in the standard water maze

acquisition test. Accordingly, we assume that spatial work-
ing memory, but not reference memory, may be susceptible
to the long-term deprivation of oestrogens. Since short-term
(1 month) deprivation of oestrogens by ovariectomy did not

a�ect the performance in water maze nor spontaneous
alternation behaviour in Y-maze, it is plausible that
¯uctuating levels of oestrogens across the oestrous cycle

may have little behavioural signi®cance in female rats.

Figure 4 E�ects of a continuous i.c.v. infusion of Ab on performance in the working memory test of the water maze task in sham-
operated and ovariectomized female rats. The continuous i.c.v. infusion of Ab was started 3 months after the ovariectomy. The
working memory test (®ve trials per day) was carried out on days 14 ± 16 after the start of the Ab infusion. Changes in the mean
escape latency and swimming distance for 3 days during ®ve trials are shown in (A) and (B), respectively. The mean escape latency
and swimming distance in the test trials (second trial) for 3 days are shown in (C) and (D), respectively. Values indicate
means+s.e.mean (n=8±9). *P50.05 vs sham-Ab-(40-1).

Table 1 Body weight and serum levels of oestradiol and
FSH in the sham-operated and ovariectomized rats
continuously infused with Ab

Group
Body weight

(g)
Oestradiol
(pg ml71)

FSH
(ng ml71)

sham-Ab-(40-1)
sham-Ab-(1-42)
OVX-Ab-(40-1)
OVX-Ab-(1-42)

310+12
316+12
394+11***
392+12***

6.15+1.12
7.26+1.60
2.47+0.19*
31.9+0.48*

10.76+0.92
9.15+1.25
58.64+4.45***
57.73+5.22***

The continuous i.c.v. infusion of Ab was started 3 months
after an ovariectomy. The body weight was measured on the
day of surgery for Ab infusion. The blood samples were
collected 18 days after the start of Ab infusion. Values
represent the means+s.e.mean (n=8±9). *P50.05,
***P50.001 vs sham-Ab-(40-1) group.

Oestrogen and b-amyloid-induced memory deficits424 K. Yamada et al



The most important ®ndings in the present study are that
the Ab-(1-42)-induced working memory de®cits in the water
maze were potentiated by ovariectomy in the rats after a long-

term (3 months), but not a short-term (1 month) deprivation of
oestrogens. These results suggest that long-term deprivation of
oestrogens induced by ovariectomy, combined with Ab-(1-42)
infusion, produces de®cits in working memory tasks in the

rodent which are not produced by either Ab-(1-42) infusion of
ovariectomy alone. It is unlikely that susceptibility to Ab-
induced memory de®cits is a�ected by changes in circulating

levels of oestrogens since the e�ects of ovariectomy were only
detected with long-term hormone deprivation.

There was no signi®cant di�erence in exploratory activity

between the sham-operated and ovariectomized rats in this
study, but a signi®cant reduction of swimming speed was
evident in the ovariectomized rats compared with the sham-

operated rats. It could be thus speculated that the observed
alterations in the water maze may be due to a mere impairment
of swimming ability, but not cognitive functions. However, this
is unlikely because there was no di�erence at all in swimming

speed between the OVX-Ab-(40-1) and OVX-Ab-(1-42) rats. In
addition, in the repeated acquisition working memory test, no
signi®cant di�erence in either the escape latency or swimming

distance at the ®rst sample trials for 3 days was observed among
the four treatment groups. Accordingly, the marked increases
in escape latency and swimming distance at the second test

trials are not due to an impairment of swimming ability.
Rather, it is highly likely that the deprivation of oestrogens
caused by ovariectomy potentiated the Ab-(1-42)-induced
spatial working memory de®cits.

We con®rmed that ovariectomy signi®cantly reduced the
serum oestradiol levels and that there were no di�erences in the
body weight or serum oestradiol and FSH levels between the

OVX-Ab-(40-1) and OVX-Ab-(1-42) rats and between the
sham-Ab-(40-1) and sham-Ab-(1-42) rats. Therefore, it is
unlikely that the observed potentiation of the Ab-(1-42)-
induced impairment of working memory caused by ovar-
iectomy in the repeated acquisition water maze test is due to
the di�erent levels of serum oestrogens.

The mechanisms by which long-term deprivation of
oestrogens modulate the Ab-(1-42)-induced learning and
memory de®cits in female rats remain obscure. It was
demonstrated that oestrogens modulate cholinergic neuronal

activity (Dohanich et al., 1982; Singh et al., 1994), monoamine
metabolism (Shimizu & Bray, 1993) and the expression of
BDNF mRNA (Singh et al., 1995). Oestrogens were also

shown in vitro to attenuate excitotoxicity, oxidative injury and
Ab toxicity (Behl et al., 1995; Goodman et al., 1996), to
regulate the metabolism of b-amyloid precursor protein (Ja�e

et al., 1994), and to reduce the neuronal generation of Ab (Xu
et al., 1998). These e�ects of oestrogens may be involved in its
modulator role in the Ab-(1-42)-induced learning and memory

de®cits.
We assume that cholinergic de®cits produced by long-term

deprivation of oestrogens may play a most important role in

ovariectomy-induced potentiation of Ab-(1-42)-induced work-
ing memory de®cits. For example, it has been demonstrated
that long-term, but not short-term loss of ovarian function

produces de®cits in choline acetyltransferase and trkA
expression in the medial septum and nucleus basalis
magnocellularis (Gibbs, 1998). On the other hand, Ab has
been shown to inhibit acetylcholine release and choline uptake

in hippocampal slices (Kar et al., 1998). We have demonstrated
that a continuous i.c.v. infusion of Ab-(1-40) produces a
marked reduction of nicotine- and/or KCl-induced stimulation

of acetylcholine release in the hippocampus/cerebral cortex in
vivo (Itoh et al., 1996). Taken together, these results suggest a
mechanism by which Ab could exacerbate cholinergic de®cits

produced by the long-term deprivation of oestrogens induced
by ovariectomy.

We believe that learning and memory in the rodent should

be assessed by diverse tasks in which di�erent motivation is
involved and di�erent skill is required for better performance.
Furthermore, since Ab was continuously infused into the
brain, its neurotoxicity is considered to be dependent on the

infusion period. Therefore, all the rats were subjected to all the
behavioural tests in the present study. On the other hand, since
it has been reported that stress can impair spatial memory

(Selden et al., 1990; Diamond et al., 1996), it is possible that
the prior experience of the rat may in¯uence performance and
thus distort the interpretation of the data obtained. To exclude

the possibility, further studies may be necessary.
Clinical studies have indicated that replacement therapy

with oestrogens in post-menopausal women delays the onset

and decreases the risk of AD (Henderson et al., 1994; Ohkura
et al., 1994; Tang et al., 1996). To investigate the bene®cial
e�ects of oestrogens in AD, we should examine the e�ects of
oestrogen replacement therapy on the Ab-(1-42)-induced
learning and memory de®cits in ovariectomized female rats.
Our preliminary experiment shows that the oestrogen
replacement therapy in the ovariectomized rats, which was

carried out by implanting an 17-b-oestradiol-containing
hydroxyapatite disk (500 mg oestradiol per disk, Yamamura
et al., 1995) subcutaneously, has some bene®cial e�ects on

performance in the repeated acquisition water maze test
(unpublished observation).

In conclusion, long-term deprivation of oestrogens induced
by ovariectomy, combined with Ab-(1-42) infusion, produces
de®cits in working memory tasks in the rodent which are not
produced by either Ab-(1-42) infusion or ovariectomy alone.
Such conditions may contribute to cognitive decline in post-

menopausal women with AD.
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